Abstrur-Wavelength routed optical networks have emerged as a technology that can effectively utilize the enormous bandwidth of the optical fiber. Wavelength converters play an important role in enhancing the fiber utilization and reducing the overall call blocking probability of the network. As the distortion of the optical signal increases with the increase in the range of wavelength conversion in optical wavelength converters, limited range wavelength conversion assumes importance. Placement of wavelength converters is a NP complete problem [7l in an arbitrary mesh network. In this paper, we investigate heuristics for placing limited range wavelength converters in arbitrary mesh wavelength muted optical networks. The objective is to achieve near optimal placement of limited range wavelength converters resulting in reduced blocking probabilities and low distortion of the optical signal. The proposed heuristic is to place limited range wavelength converters at the most congested nudes, nodes which lie on the long lightpaths and nodes where conversion of the optical signals is significantly high. We observe that limited range converters at a few nodes can provide almost the entire improvement in the blocking probability as the full range wavelength converters placed at all the nudes. Congestion control in the network is brought about by dynamically adjusting the weights of the channels in the link thereby balancing the load and reducing the average delay of the traffic in the entire network. Simulations have been carried out on a 12-node ring network, 14-node NSFNET, 19-node European Optical Network (EON), 30-node INET network and the results agree with the analysis.
I. Introduction
Wavelength routed optical networks with wavelength converters have been able to address the problem of capacity utilization and scalability. Wavelength converters facilitates nodes to overcome link and channel failures by allowing local rather than global reconfiguration in the network. It is of interest to note that wavelength converters are very expensive and at present all-optical converters are only capable of limited range wavelength conversion. In light of these optical constraints, researchers have tried to focus on the algorithms for placement of limited range wavelength converters [ 
111.
A wavelength converter can translate the optical signal on one wavelength at the input port to another wavelength at the output port. In all-optical wavelength converters, wavelength conversion from input to output wavelength remains entirely in the optical domain. In particular, Four Wave Mixing (FWM) wavelength converters are transparent to signal format, operate at high bit rates and convert several WDM channels simultaneously [9] , but their conversion efficiency is low and hence the S/N ratio of the converted optical signal needs to be improved especially if converters are to be cascaded. Wavelength converter can be dedicated to each channel, or can be shared by a group of channels to reduce the cost. Limited wavelength conversion reduces the hardware cost of the optical switching nodes. Limited wavelength conversion can be of three types; (i) a limited number of nodes are provided with full range wavelength convertibility, (ii) a limited number of full range wavelength converters are placed at all nodes (shareper link or share-per-node), (iii) a limited range of wavelength conversion is only possible at the nodes [ 101.
This paper explores the impact of limited range wavelength converters vis-a-vis the full range wavelength converters and proposes a heuristic for determining the placement of limited range wavelength converters at a subset of the nodes of the network in order to reduce signal distortion. An analytical model is derived for the placement of limited iange wavelength converters in a ring. We have proposed a heuristic algorithm to place limited range wavelength converters in arbitrary mesh networks at a limited number of nodes and have shown that the performance is almost the same as that of a network with full range wavelength conversions at all the nodes. The routing technique reduces the number of cascaded wavelength conversions and the wavelength assignment algorithm limits the range of wavelength conversion enhancing the optical signal quality. The average delay, congestion and the overall blocking probability is improved by utilizing the dynamically varying state of the network.
The paper is organized into the following sections. A review of related work is presented in section 11. The network model and the auxiliary graph construction is described in section 111. Section IV addresses the problem of placement of limited range wavelength converters in a ring and arbitrary mesh networks. An analytical model for optimal placement of limited range wavelength converters is developed for a ring network in Section V. Algorithms for the problem are provided in section VI. Example networks are illustrated in section VII. Numerical results are presented in section VIII.
Related work
The impact of wavelength converters on the performance of wavelength routed networks has been explored by simulation and various analytical models. In [7] , a shortest path routing algorithm is used to reduce the number of converters leading to the concept of share-per-node or share-per-link wavelength convertible switch, but the complexity of the algorithm is O(n4w2), where n is the number of wavelength routers and 20 is the number of wavelengths per fiber link. Rajiv and Sivarajan [ 181 have derived a lower bound for blocking probabilities with and without wavelength converters. In [2], a generalized reduced load approximation scheme has been used to compute the blocking probabilities for the optical network employing fixed routing for arbitrary topology with path lengths of at most three hops. It is accurate but computationally intensive.
Chlamtac et al., [5] Gerstel et al., [13] , [14] were first to examine limited wavelength conversion for ring networks under a non-probabilistic model. In [17] , a non-probabilistic analysis for tree networks and networks of arbitrary topology has been presented. Multifiber solution as an altemative to wavelength conversion has been explored in [l] , [3] . The analysis is an extension of the work in [16] . In this approach, the number of fibers to be minimized are more important than the number of wavelengths. In [6] , limited wavelength conversion with as little as one-fourth the full range gives a good performance while half of the full range wavelength conversion delivers almost all of the performance improvement. In [ 191, placement of wavelength converters in a path under uniform and non-uniform loads has been investigated. V. Sharma et al., [21] have studied limited range wavelength conversion for mesh networks over a wide range of network loads.
Network Model

A. Definitions
The Physical topology ( Fig. 1) where I is the set of integers.
C. Auxiliary Graph
Let Ga = (V,,Ea) represent the auxiliary graph of the given physical network topology graph G p , where V, is the set of vertices and E, is the set of edges. Let the wavelength channels available on a link be A = XI, XZ,. . . , Xw, the total number of wavelengths being w. Let. the cost function associated with the edges of the auxiliary graph Ga be defined as C, : VaXVa + I . The converter cost C,,, is greater than the longest wavelength continuous path in the network. 
Construct-auxiliary -graph()
D. Illustrative Example
A five node network is shown in Fig. 1 . Each pair of unidirectional fibers that represent a link contains two wavelength channels( A1 and A2 ). Wavelength converters are placed at nodes 2 and 4. The auxiliary graph (Fig. 2) is obtained from the physical topology ( Fig. 1 ) with the total number of vertices being equal to the product of the number of nodes and the number of wavelength channels.
The nodes 1, 2, 3, 4, and 5 are on wavelength A1 and the nodes 6, 7, 8, 9, and 10 are equivalent to the nodes 1, 2, 3, 4, and 5, but they are on wavelength X2. The lightpath established using only horizontal arcs are on the same wavelength, otherwise the lightpaths are established on multiple wavelengths using wavelength converters.
IV. Problem
We are given a physical network Gp(V, E, C, A) consisting of a finite set of nodes V = (211, ~1 2 , . . . , U,), a finite set of links E = {(vi, Vj)lVi, vj E V A vi # vj}, where each link is an ordered pair, a set C V of nodes at which limited range optical 
V. Analytical Model
An analytical model for the placement of wavelength converters in a ring network and an expression for the degree of limited range wavelength conversion is derived in this section.
Consider the example shown in Fig. 3 .
Each fiber supports two wavelengths, XI and XZ. Connection requests are setup between nodes 1-2, 3-4 and 1-3 on Al.
XI and Xz respectively. If a next connection request is to be set up between the nodes 2-4, then this request can be set up only on a two hop path i.e., 2-3 on A1 and 3-4 on X2. It is possible only if the optical switching node 3 has a wavelength converter, otherwise, the call is blocked (Fig. 3) . Thus, nodes with wavelength conversion capability reduce the call blocking probability of the network.
A. Placement of Wavelength Converters in a ring
We can apply the model described in [16] to determine the optimal placement of wavelength converters in a ring network for independent and uniform link loads. The objective is to position C converters in a ring of L nodes in order to minimize the blocking probability of an end to end call. Let the wavelength occupancy of all the links be equal, i.e., 2. A segment can be defined as a set of links between two successive wavelength converters. Therefore, C converters in a ring will create (1) and is as follows;
Let the segment length vector be Sc and the probability of success in a ring denoted by P ( S c ) ; then The probability of success of a call in a ring with optimal placement of wavelength converters is given by
(5)
This expression is exact only if C divides L. If it does not divide, then the integral constraint on the segment lengths will make the above expression an upper bound on the probability of success. In such a case, the converters should be placed as uniformly as possible, that is, z = L -y * C segments of length y + 1 and C -z segments of length y where y = 151.
The blocking probability will be higher for random placement of wavelength converters. This model can be extended to a path as proposed in [ 191.
B. Limited Range Wavelength Conversion
In optoelectronic conversion, wavelength conversion can be performed from any wavelength to any other wavelength without any signal degradation. In the case of all-optical conversion, wavelength converters are generally only capable of limited range wavelength conversion. This is particularly true in the case of FWM where the output power decreases strongly with the increasing difference between the output wavelength L Po,t(L, C) = [P(,)lC and input wavelength. The decrease in the output power is nearly symmetrical about the input wavelength, i.e., a conversion from an input wavelength of 1520nm to an output wavelength of 1530nm produces nearly the same output power as a conversion from 1520nm to 1510nm. The wavelengths used are within the 35nm range (1525nm -1560nm) of the low loss Erbium Doped Fiber Amplifier. It has been observed by us that significant improvement in the blocking probability is obtained when limited range wavelength converters with as little as 20% of the full range wavelength conversions are introduced and almost the entire network performance improvement obtained by the full range wavelength converters at all the nodes is gained from the converters with only 40% of the full range wavelength conversion. The degree of wavelength conversion, D, is defined as follows: lOOd % D=- 
A. Dynamic Lightpath Establishment
This algorithm computes the shortest path using which a lightpath connection is setup dynamically between the source s and destination d in the auxiliary graph G, by considering the network state. Appropriate weights are assigned for the link edges and converter edges based on the delay in fiber links and the cost of wavelength conversion respectively. These weights are used to find a path with minimum number of cascaded wavelength conversions (minimum multihop path) and hence reduces the distortion of the optical signal.
B. Placement of Limited Range Converters
The placement of converters for static lightpath establishment in a ring network has been explored in [ 141. In the case of DLE, the limited range wavelength converters are placed uniformly as derived in the expression earlier. Limited range wavelength converters are placed as uniformly as possible in a ring network, i.e., z = L -y * C segments of length y + 1 and C -z segments of length y where y = 16 J , if C does not divide L.
Arbitrary Mesh Network
The wavelength assignment in a wavelength convertible network is a N p complete problem [7] . In order to determine the placement of limited range wavelength converters, we first obtain certain traffic parameters of the given arbitrary mesh network by simulation assuming full convertibility at all the nodes. For example, the traffic statistics for the 30-node INET is given in Table I . The nodal degree, the number of lightpaths passing through a node, the number of wavelength conversions performed at a node and the average path lengths are given in this table at 120 Erlang's load. These statistics enable us to place the wavelength converters in the most appropriate positions in the network. These parameters show the same pattem over a wide range of loads. There is a strong correlation between the degree of a node and its transit traffic. The following heuristic is used for placement of wavelength converters in arbitrary mesh networks. 
C. Adjacent Wavelength Conversion
In the adjacent wavelength conversion model [6] , the wavelength is assigned from a set of available wavelengths at the instance of the establishment of the connection for a path. Initially, a connection request is attempted using the same wavelength along the path, otherwise, a minimum wavelength conversion path with least d (conversion range) is chosen. It is achieved by choosing the weights of the wavelength converter arcs in the auxiliary graph appropriately. This algorithm effectively reduces the signal distortion in the network.
D. Congestion Control
passing through the heaviest loaded link, where li represents the utilization of the ith fiber link. Congestion is controlled by dynamically changing the weights of certain arcs in the auxiliary graph, thus balancing the load in the network. When the arc corresponding to the Xk channel of a link (vi, v j ) is used for setting up a lightpath, the weights of the arcs in G, corresponding to all the other wavelengths of the link ( v i , v j ) that are not utilized are incremented. These weights are decremented by the same value when the lightpath is taken down. The increment or decrement values are computed using a linear or non-linear function based on the current weights of the arcs and the number of available wavelength channels. The difference between the maximum and the minimum number of wavelength channels utilized in the links of the network converges and results in low blocking probability.
Congestion factor is defined as the number of lightpaths Congestion = maa:(k)
VII. Illustrative Examples
In a 12-node ring network, for DLE (Fig. 4) , the converters are placed at 1,5 and 9 for uniform traffic if C divides L; otherwise, the converters should be placed as uniformly as possible as derived in the expression earlier.
The placement of limited range wavelength converters in a 30-node INET network is based on the heuristic described earlier in the algorithm. The wavelength converters are placed in the following order and reasons for placing the converters are given in the parenthesis: 30(a, 
VIIJ. Numerical Results
Simulations have been carried out to examine the performance of placement of limited range wavelength converters in the 12-node ring, 14-node NSFNET, 19-node EON and 30-node INET mesh networks. The adjacent wavelength conversion model is used for limited range wavelength conversion. The placement of wavelength converters in a ring and mesh networks are given by the algorithm described earlier. The parameters of the physical network topology(G,) such as the fiber link weights, and the wavelengths available per fiber link are taken as input and an auxiliary graph G, is constructed. An event queue is necessary to hold the lightpath requests that are Fig. 6 . 14 node NSFNET network being serviced at any instant of time. The lightpath request arrive at Poisson rate with exponential holding time. Each fiber link is assumed to carry eight wavelength channels unless otherwise specified.
A path to route the lightpath request using ShortestPath algorithm is computed with the least number of wavelength conversions considering the current state of the network. If a path exists, the lightpath connection request is enqueued, its path arcs are removed from the auxiliary graph and the weights of their corresponding arcs are incremented as a congestion control measure. If a path does not exist, the lightpath connection request is blocked. Lightpath connections(from event queue) which have been serviced are dequeued, their corresponding path arcs in the auxiliary graph are replaced and decremented appropriately.
In the 12 node-ring network, the blocking probability performance is examined with respect to dynamic lightpath establishment. At lower loads, the blocking probability with wavelength converters is significantly lower and improves further at medium loads. The blocking probability is higher when the nodes do not have wavelength converters; this is an account of low utilization of the fiber links due to fragmentation problem, i.e., even-though different wavelength channels are available on the fiber links, the connection request cannot be established due to wavelength continuity constraint imposed by the non-availability of wavelength converters. At high loads, the networks without wavelength converters perform slightly better than the wavelength converter networks. This is due to certain long lightpaths that are established by the use of wavelength converters and the lightpaths with smaller path lengths which arrive later being blocked. Hence, though the fiber utilization is higher in wavelength convertible networks, the utilization of the fiber by long lightpaths leads to increase in the overall blocking probability of the wavelength convertible networks than the networks without wavelength converters. Fig. 8 displays the above observations. There is no significant improvement in the blocking probability for more than three converters placed in the ring network.
In Fig. 9 , for 19-node EON, the blocking probability is plotted as a parameter with and without congestion control in the network. When a connection is established, the edges of the path are removed from the auxiliary graph and the weight of The weights are decreased correspondingly when the edges are replaced after the connection is serviced. This algorithm ensures that the fiber links are utilized uniformly throughout the network contributing to lower blocking probability than when the congestion control is not used. The 30-node INET network has been explored for the usage of limited range wavelength converters. It has been observed that the blocking probabilities are lower in the case of limited range wavelength converters at all the nodes. The blocking probabilities improve significantly with just 20% wavelength range conversion and the performance is very close to full range wavelength conversion with 40% wavelength range conversion. This is shown in Fig. 10 . As the load increases, the overall blocking probability of the wavelength continuous network is slightly better for the reasons explained earlier. This phenomenon depends upon the network topology and the connectivity of the network.
In order to limit the use of expensive wavelength converters, they are placed only in a few nodes of the network. A trade-off Table I . The converters are placed according to the heuristics described earlier. The usage of 40% limited range wavelength converters at ten nodes as shown in Fig. 5 gives the blocking probability performance very close to the full range wavelength converters placed at all the nodes of the network. In FWM wavelength conversion technique, the distortion is proportional to the distance of the conversion range . Hence, this technique of placing limited range wavelength converters reduces the optical signal distortion and also gives a good blocking probability performance. Thus, there are three important advantages of such a network model, i.e., blocking probability is reduced by using wavelength converters; the cost is reduced due to limited number of wavelength converters; signal distortion is reduced due to limited range conversion and minimum number of cascaded wavelength conversions. Fig. 11 shows that all the blocking probabilities are very close to each other. 12, the blocking probabilities for the 14-node NSFNET is carried out using limited range wavelength conIn Fig It is interesting to note that the performance is similar to that of the 30-node INET. Another significant observation is that the network without wavelength converters has low blocking probability at high loads (crossover eflecf). It is also observed that the crossover effect is a function of the number of wavelengths( at low loads for smaller number of wavelengths), size of the network and occurs only at higher blocking probabilities ( greater than 15%). The networks are normally designed for 1-2% blocking probability and hence this need not be considered [20] . This phenomenon occurs due to the sub-optimal algorithms used for routing and can be eliminated by using optimal routing algorithms. The crossover effect is observed at much lower loads in the 14-node NSFNET when compared to the 30-node INET. This is due to higher wavelength reuse in the 30-node INET. Finally, the number of limited range wavelength converters used can be varied depending on the required blocking probability performance of the network.
IX. Conclusions
In summary, we have explored the impact of the limited range wavelength converters in WDM wavelength routed alloptical networks. An analytical model for the placement of wavelength converters in a ring network is derived. Wavelength converters in a ring network are placed as uniformly as possible. A simple heuristic for the placement of wavelength converters in arbitrary mesh networks has been proposed. Limited range wavelength converters are placed at the nodes which have high nodal degree, transit large amount of traffic and convert a large number of optical signals. In addition, nodes which lie on long lightpaths and nodes adjacent to the most congested nodes also need wavelength converters to give a performance reasonably close to that of a network with full range convertibility at all nodes. Hence, the limited range wavelength conversion at a limited number of nodes are viable and cost effective. Shareper-link converters are used to increase the utility of the converters and reduce the cost and complexity of the switches. The dynamic lightpath establishment algorithm has been used to reduce the number of cascaded wavelength conversions and the wavelength assignment and conversion technique reduces the range of wavelength conversion resulting in low signal distortion. The weights of the edges in the auxiliary graph are dynamically varied to control congestion in the network. Reduction in the number of wavelength conversions and controlling congestion reduces the overall delay and the blocking probability in the network. To sum up, wavelength convertible networks enhance the performance of the all-optical networks.
